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Bicaudal-D (Bic-D) is required for the transport of determinant mRNAs and proteins to the presumptive oocyte, an essential
step in the differentiation of the oocyte. Bic-D protein contains four well-defined heptad repeat domains characteristic of
intermediate filament proteins. We characterized the ovarian phenotypes of females expressing mutant Bic-D proteins
(Bic-DH) deleted for each of the heptad repeat domains. The altered migration of follicle cells we observe in mutant ovaries
uggests that Bic-D functions in the germline and directs the inward migration of somatic follicle cells. In the germarium
ic-D is required for the organization of the egg chamber and the structural integrity of the oocyte and nurse cells.
xamination of the polarized microtubule network in Bic-DH ovaries shows that Bic-D function is required for both the
establishment of the polarized microtubule network and its maintenance throughout oogenesis. To explain the multiple
functions suggested by the pleiotropic Bic-D phenotype, we propose that Bic-D protein could form itself a filamentous
structure and represent an integral, essential part of the cytoskeleton. © 2001 Academic Press
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eINTRODUCTION
In Drosophila oogenesis, asymmetric distribution of cel-
lular determinants is essential for oocyte specification and
differentiation, and later for the specification of the embry-
onic axes (Theurkauf, 1994; St. Johnston, 1995). Bicaudal-D
(Bic-D) is one of the central components controlling oocyte
determination and differentiation through its role in the
localization of oocyte-specific mRNAs and proteins during
Drosophila oogenesis (Suter et al., 1989; Wharton and
Struhl, 1991; Suter and Steward, 1991).
Drosophila oogenesis begins with asymmetric division of
a germ-line stem cell at the anterior tip of germarial region
1. This division gives rise to a new stem cell and a
cystoblast (Spradling, 1993). The cystoblast undergoes four
rounds of synchronized mitotic divisions to form a cyst of
16 cells, the cystocytes. Because the mitotic divisions are
incomplete, the cystocytes are interconnected in a stereo-
typical pattern by intercellular cytoplasmic bridges, the
ring canals. Following the formation of the 16-cell cyst, the
1 To whom correspondence should be addressed. Fax: (732) 445-
o5735. E-mail: steward@mbcl.rutgers.edu.
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All rights of reproduction in any form reserved.usome, a germline-specific cytoplasmic organelle, starts to
reak down, and cytoplasmic transport through the ring
anals from neighboring cystocytes to the two cystocytes
ith four ring canals begins (reviewed by de Cuevas et al.,
997).
In region 2a cysts, the two cells with four ring canals
ccumulate oocyte-specific mRNAs and proteins and enter
eiotic prophase to become pro-oocytes. The chromo-
omes in the two pro-oocytes begin to assemble synaptone-
al complexes and condense into bivalents (Koch et al.,
967; Carpenter, 1975). When the cyst enters region 2b,
nly one pro-oocyte differentiates into an oocyte, while the
ther reverts to the nurse cell fate. The specification of one
ro-oocyte as the oocyte is characterized by the differential
ccumulation of RNAs and proteins (Suter et al., 1989;
harton and Struhl, 1991; Ephrussi et al., 1991; Suter and
teward, 1991; Dalby and Glover, 1992; Lantz et al., 1992;
an et al., 1994; Mach and Lehmann, 1997).
Bic-D protein accumulates in the two pro-oocytes in
egion 2a cysts and becomes localized in only one of the
ro-oocytes in region 2b. Bic-D protein localization is
ssential for the accumulation of Bic-D mRNA in the
ocyte. In Bic-D mutants, the transport of other oocyte-
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92 Oh and Stewardspecific mRNAs and proteins, such as osk, orb, and
s(1)K10, to the presumptive oocyte are blocked. The pre-
umptive oocyte fails to differentiate and all 16 cystocytes
ecome polyploid nurse cells (Suter and Steward, 1991).
The transport of mRNAs to the oocyte is also dependent
n the microtubule network established in the 16-cell cyst
Theurkauf et al., 1993; reviewed by Theurkauf, 1994).
lthough the mechanism establishing the polarized micro-
ubule network in the cyst is not understood, Bic-D is
equired for the initial establishment of the microtubule
rganizing center (MTOC) in germarial cysts.
One additional gene, egalitarian (egl), is required for
ocyte differentiation. Egl mutants show the same pheno-
ype as Bic-D (Schupbach and Wieschaus, 1991). Egl en-
odes a novel protein found in the same protein complex as
ic-D (Mach and Lehmann, 1997). In egl mutant cysts the
TOC is established normally in region 2a, but the polar-
zed microtubule cytoskeleton breaks down, indicating that
gl is required for the maintenance of the polarized network
Theurkauf et al., 1993).
To gain more insight into Bic-D function, we performed a
tructure-function analysis. The Bic-D protein contains
our well-defined heptad repeat domains characteristic of
ntermediate filament proteins, and several of the muta-
ions in Bic-D map to these conserved domains (Suter et al.,
989; Wharton and Struhl, 1991). We found that the fourth
eptad domain (Bic-DH4) is essential for the function in the
zygote as well as during oogenesis (Oh et al., 2000). The
hree other deletions rescue zygotic lethality of a Bic-Dnull
mutation. Females expressing any of the three heptad
repeat deleted proteins (Bic-DH1, Bic-DH2, Bic-DH3) in a null
ackground lay ventralized eggs. The severity of the pheno-
ype and fertility of the females varies (Oh et al., 2000),
ndicating that in these mutants, the first requirement of
ic-D function in oocyte differentiation is provided, but
hat the normal development of an egg chamber is compro-
ised. In order to understand the requirements of Bic-D
unction in the development and patterning of the oocyte
nd the egg chamber, we characterized the ovarian pheno-
ypes in Bic-DH ovaries.
Swan and Suter (1996) expressed Bic-D in a narrow time
indow to allow the formation of the oocyte under the
ontrol of a heat shock promoter in a Bic-D null background
Bic-Dmom) and found that Bic-D function is required
throughout oogenesis for the normal development of the
oocyte. Our results are consistent with their findings,
although careful analysis of the phenotypes of our hypo-
morphic mutants points to novel functions of Bic-D during
oogenesis.
We find that Bic-D is required in the germarium for the
proper enveloping of the 16 germ-cell cysts by migrating
follicle cells, suggesting that Bic-D function in the germline
is essential to direct the inward migration of the follicle cell
on the surface of the cysts. The migration of the follicle
cells starts in germarial region 2a–2b at the same time as
the localization of oocyte-specific markers can first be
detected. This novel phenotype is different from pheno-
Copyright © 2001 by Academic Press. All righttypes observed in Notch and other mutants suggesting that
other signaling between the germline and the soma controls
the migration of follicle cells.
The misorganization of the germline cyst and the protru-
sion of nurse cell nuclei into the oocyte indicate that Bic-D
is required for the organization of the egg chamber and for
the structural integrity of the oocyte and nurse cells.
Examination of the microtubule network in mutant ova-
ries strongly suggests that Bic-D is not only essential for the
formation of the MTOC but also for the maintenance of the
polarized microtubule network in cysts and egg chambers.
We propose that Bic-D may represent an integral part of the
cytoskeleton.
MATERIALS AND METHODS
Fly Strains and Transgenic Lines
Bic-DH refers to the mutant Bic-D transgenes deleted for each of
the four heptad repeat domains. The transgenic lines are named
according to the position of the deletion, Bic-DH1, Bic-DH2, Bic-DH3,
and Bic-DH4 (Oh et al., 2000). The transgenes were expressed in a
Bic-D null background to assay their function. The Bic-Dnull allele
(Bic-Dr5) is described by Ran et al. (1994). The Bic-DR26 allele is
escribed by Mohler and Wieschaus (1986).
In Situ Hybridization to Whole-Mount Ovaries
RNA in situ hybridization was basically performed according to
Tautz and Pfeifle (1989) with modifications by N. Patel, K. Harding,
S. Parks, and B. Suter. For the antisense probe of grk RNA, a
plasmid containing a 1.7-kb grk cDNA (Neuman-Silberberg and
Schupbach, 1993) was digested with SalI and for the antisense
probe of Bic-D RNA pSKBic-D plasmid (Oh et al., 2000) was
digested with MluI. Digoxigenin labeling of RNA probes was
performed using Boehringer DIG RNA labeling kit.
DNA Staining
Ovaries were dissected in 13 PBS and fixed by shaking at high
speed for 20 min in 4% paraformaldehyde (200 ml 4% paraformal-
dehyde in 13 PBS/600 ml heptane) or 4% paraformaldehyde in
PMES (0.1 M Pipes 6.9, 2 mM MgSO4, 1 mM EGTA, 0.5% NP-40).
Ovaries were washed 33 with PBST (0.1% Trition, 0.05%
Tween-20 in 13 PBS) or NP-40 wash buffer (50 mM Tris 7.4, 150
mM NaCl, 0.5% NP-40, 1 mg/ml BSA). Then, ovaries were incu-
bated with RNase (100 mg/ml) for 30 min–1 h at RT and washed
ith PBST for 10 min. Ovaries were stained with Yo-Pro at a
ilution of 1:2000 of stock in PBST for 10 min, followed by three
ashes in PBST for 10 min, and mounted in 50–70% glycerol.
For Hoechst staining, ovaries were fixed with 4% paraformalde-
yde solution and then incubated in Hoechst 33257 (Molecular
robes) at a dilution of 1:10,000 of stock in PBST for 8 min. Then
he ovaries were washed 33 in PBST for 10 min and mounted in
0–70% glycerol.
Immunostaining
For Bic-D and Egl stainings, ovaries were fixed as described for
DNA staining. Primary antibodies were used at the following
s of reproduction in any form reserved.
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93Bicaudal-D and Egg Chamber Formationdilutions: at 1:40 for anti-Bic-D 1B11 and 4C2 antibodies, 1:1000 for
anti-Egl. To prevent bleedthrough between channels, the fluoro-
phores were excited individually and confocal images were ob-
tained by using a Molecular Dynamics Multiprobe 2001. For
Fasciclin III (Fas III) staining, the dissected ovaries were fixed in
fixation solution [5% formaldehyde 1 50 mM EGTA in 0.1 M
phosphate buffer (PB) pH 7.4] for 20 min. Fas III antibodies were
used at a final dilution of 1:25 (Larkin et al., 1996). For DE-cadherin
staining, dissected ovaries were fixed in fixation solution (5%
formaldehyde in PBS) for 20 min. DE-cadherin antibodies were used
at a final dilution of 1:50 (Godt and Tepass, 1998).
For microtubule staining, ovaries were dissected in 13 Robb’s
medium (55 mM potassium acetate, 40 mM sodium acetate, 100
mM sucrose, 10 mM glucose, 1.2 mM magnesium chloride, 100
mM Hepes, pH 7.4). They were fixed in either 220°C methanol or
fixation buffer as described by Theurfauf et al. (1992) [100 mM
potassium cacodylate, 100 mM sucrose, 40 mM potassium acetate,
10 mM sodium acetate, 10 mM EGTA, 8% formaldehyde (E.M.
grade)] for 10 min and rinsed 3 times with 13 PBS. Then the ovaries
were extracted with 1% Triton X-100 in 13 PBS for 2 h and washed
3 times in PBST (0.1% Triton X-100 in 13 PBS) for 15 min each.
The ovaries were incubated in PBST containing FITC-conjugated
anti-a-tubulin antibodies (1:200, Sigma, clone DM1A) for 2 days (or
overnight) at 4°C. The ovaries were washed 3 times for 20 min each
and mounted in 50–75% glycerol, 13 PBS.
For double staining of microtubule and Bic-D, the fixed and
extracted ovaries were washed 3 times with PBST and incubated in
blocking solution (PBST containing 1% BSA or NP-40 wash buffer
containing 1% BSA) for 2 h. Then they were incubated in blocking
solution containing anti-Bic-D 1B11 and 4C2 antibodies (1:40) for
2 h at RT. The ovaries were washed 33 with PBST or NP-40 wash
buffer for 20 min each. Then, the ovaries were incubated in
blocking solution containing Cy3 donkey anti-mouse secondary
antibodies (Jackson) for 2 h. The stained ovaries were washed 3
times with PBST for 20 min each. The ovaries were incubated in
PBST containing FITC-conjugated anti-a-tubulin antibodies (1:200,
Sigma, clone DM1A) for 2 days (or overnight) at 4°C. The ovaries
were washed 3 times for 20 min each and mounted in 50–75%
glycerol, 13 PBS.
RESULTS
The requirement of Bic-D during oogenesis was deter-
mined by carefully examining the phenotype of ovaries
from females expressing the heptad-deleted Bic-D trans-
genes in a Bic-D null background (for details on transgenes,
see Oh et al., 2000). Based on the presence of the oocyte
characterized by a nucleus seen as a small fluorescent dot
by DNA staining, we classified egg chambers into wild-type
and mutant. Bic-DH1 ovaries contain mostly mutant egg
chambers containing no oocyte, and very rarely an egg
chamber producing an abnormal egg (;two or three per
ovary). Bic-DH2 ovaries contain egg chambers showing a
range of phenotypes, from the 16 nurse cell null phenotype,
to wild-type egg chambers that produce a normal egg. The
occurrence of a wild-type egg chamber in Bic-DH2 ovaries
aries among females and ovarioles; some Bic-DH2 ovarioles
contain exclusively mutant egg chambers, while others
consist of mostly wild-type egg chambers. However, more
than 50% of Bic-DH2 ovarioles contain both wild-type and
Copyright © 2001 by Academic Press. All rightmutant egg chambers. The occurrence of mutant egg cham-
bers increases with the age of females. Ovaries from 3–5 day
olds contain 20–30% 16 nurse cell egg chambers; ovaries
from 12–14 day olds contain 50–70% nurse cell egg cham-
bers. Bic-DH3 ovaries consist of mostly wild-type egg cham-
ers.
Defects in the Formation of the Egg Chamber
A wild-type egg chamber consists of the diploid oocyte
and 15 polyploid nurse cells surrounded by the follicle cell
monolayer. The number of germ cells in Bic-DH egg cham-
bers is variable; egg chambers can contain less than 16 germ
cells (Figs. 1A, 1C, and 1C9), or excessive numbers of germ
cells (Figs. 1A, 1D, and 1D9). The frequency of egg chambers
with abnormal numbers of germ cells can be as high as
;20%, as low as ;3%, and correlates with the age of
females. The occurrence of the phenotype also correlates
with the severity of the allele.
Two phenotypes suggest that the abnormal number of
germ cells is derived from mispackaging of individual cysts
by the follicle cells. First, abnormal numbers of germ cells
are found in neighboring egg chambers, and the total
number of germ cells in the two neighboring egg chambers
usually adds up to 16 or 32 (Figs. 1C, 1C9, and 3E). The
adjacent egg chambers usually contain a normal comple-
ment of germ cells (Figs. 1B, 1B9, 1E, and 1E9). Second,
compound egg chambers containing two 16-cell cysts are
observed (Fig. 1D). Sometimes even giant egg chambers
containing three 16-cell cysts are seen (result not shown).
To confirm that the abnormal packaging phenotype is
only germline dependent, we examined Bic-Dnull germline
lones in a wild-type background, employing the FLP/FRT
echnique with arm-LacZ as a marker (Vincent et al., 1994;
eviewed by Theodosiou and Xu, 1998). Bic-Dnull germline
lones were identified by the absence of Lac-Z staining. The
ajority of Bic-Dnull germline clones contain 16 nurse cells,
as previously described (Figs. 2A and 2B; Ran et al., 1994;
h et al., 2000). Upon closer inspection we found that
lones having abnormal numbers of germ cells (8/70) are
sually found in neighboring egg chambers (Figs. 2C and
C1). We also observed egg chambers in which follicle cells
igrated abnormally between the germline cells (Figs. 2A,
B, and 2B2). These packaging defects were never observed
n follicle cell clones, even when all the follicle cells lacked
ic-D function (data not shown), indicating that Bic-D
unction is required in the germline for normal packaging
y follicle cells.
In Bic-D Mutants the Follicle Cells Migrate
Abnormally
To understand how the reduction in Bic-D function
affects the enclosure of the germline cysts by the migrating
follicle cells, we examined the distribution of Fasciclin III
(Fas III). In region 2b of a wild-type germarium, Fas III is
uniformly expressed in all follicle cells. Its expression
s of reproduction in any form reserved.
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94 Oh and Stewardbecomes restricted to the polar cell precursors located at the
anterior and posterior ends of the stage 1 egg chamber. As
the egg chamber develops, Fas III expression is further
restricted to the two polar cells at the anterior and posterior
poles of each egg chamber (Fig. 3A; Ruohola et al., 1991;
Larkin et al., 1996).
Fas III staining of mutant ovaries shows that the forma-
tion of the stalk and the polar cells occurs normally in
mutant egg chambers (Fig. 3B). Even in egg chambers with
abnormal numbers of germ cells, the polar cells are properly
specified. Figures 3E and 3F show an egg chamber contain-
ing four cells adjacent to an egg chamber containing 28
cells. In both, the polar cells express Fas III. In compound
egg chambers with 32 germ cells, only two polar cells are
observed at the anterior and posterior poles of the egg
chambers, suggesting that two individual 16 germ cell cysts
are enclosed into a single follicular epithelium (Figs. 3G and
3H).
While in Bic-DH mutants the differentiation of the fol-
FIG. 1. Abnormal number of germ cells in mutant egg chamber
ovarioles. B, B9, C, C9, D, D9, E, E9 are different optical sections of e
germ cells. (C, C9) Complementing egg chambers II and III; one egg c
cells. The sum of germ cells in the two egg chambers is 16. (D,
containing 16 polyploid germ cells.licle cells is not affected, the migration of the cells can be D
Copyright © 2001 by Academic Press. All rightbnormal. First, beginning at stage 2b cells expressing Fas
II are detected in between nurse cells within a single
ermline cyst (15/80). These follicle cells migrate between
he interconnected cystocytes of the germline cysts (Fig.
C), rather than migrating only on the surface of the cysts.
econd, gaps in the follicle cell layer are observed in ;3% of
he egg chambers. Since the gaps can be detected in region
of the germarium, they appear to represent the incomplete
nclosure of the germline cysts by migrating follicle cells
Figs. 3D and 4B). These results indicate that the mispack-
ging is not caused by the alteration of the follicle cell fate,
ut by the abnormal migration of the follicle cells, and that
he abnormal migration does not affect the differentiation
f the follicle cells.
At the same time as the migrating follicle cells surround
he cysts, some adhesion molecules such as DE-cadherin
nd Armadillio are asymmetrically expressed in the follicle
ells, as well as in the germline (Godt and Tepass, 1998;
onzalez-Reyes and St. Johnston, 1998). Higher levels of
e ovaries were stained with the DNA stain, Yo-Pro. (A) Bic-DH
ambers shown in A. (B, B9) Egg chamber I, containing 16 polyploid
ber with seven germ cells is next to an egg chamber with nine germ
gg chamber V, containing 32 germ cells. (E, E9) Egg chamber IV,s. Th
gg ch
ham
D9) EE-cadherin are detected on the apical side of the follicle
s of reproduction in any form reserved.
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95Bicaudal-D and Egg Chamber FormationFIG. 2. Bic-D is required in the germline for normal packaging of the cysts by follicle cells. (A, B) Mosaic ovariole. Bic-Dnull germline clones
ere identified by the lack of Lac-Z staining. Ovaries were double stained for Lac-Z protein (red) and for DNA (green). (B1I, B1II, B1III, B1IV)
ifferent optical sections of a Bic-Dnull germline cyst shown in B. It is composed of 16 polyploid nurse cells. (B2) Different optical section
f a Bic-Dnull germline clone shown in B. The arrowheads point to the abnormal migration of the follicle cells between the germ cells of a
single cyst. (C, C1) Two optical sections of two mutant egg chambers containing abnormal numbers of germ cells. One egg chamber has
five germ cells (arrow) and the other 11 germ cells (arrowhead). Ovaries were double stained for Lac-Z protein (red, data not shown) and for
DNA (green).
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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97Bicaudal-D and Egg Chamber Formationcells forming the stalk and in the anterior and posterior
follicle cells than are seen in lateral follicle cells (Fig. 4A). In
the germline, the highest concentration of DE-cadherin is
seen in the posterior part of the oocyte contacting the
posterior follicle cells (Fig. 4A). We did not observe any
obvious defect in the distribution of DE-cadherin in the
follicle cells, except that the highest expression of DE-
cadherin is not detected at the interface of the oocyte and
the posterior follicle. This abnormal distribution probably
reflects the fact that the most posterior cell often does not
develop as an oocyte (Fig. 4B). Since our results indicate that
DE-cadherin is normally distributed in Bic-D egg chambers,
he abnormal migration of the follicle cells and the gaps in
he follicle cell layer are unlikely to be due to a DE-cadherin
dhesion problem of the germline and follicle cells.
Misorganization of the Egg Chamber
In addition to the Bic-DH ovarian phenotypes described
bove, the egg chamber organization is also affected. At
FIG. 3. Abnormal migration of the follicle cells. (A to D) Ovaries
ll follicle cells in region 2 of the germarium (bracket). By about fol
arrowheads) at the anterior and posterior. Arrow points to the stalk
II is expressed similar to wild-type. (C) Follicle cells have migrat
ollicular epithelium (arrowheads) are apparent. See also Fig. 4B. (E
or Fas III protein (F, H). (E) An egg chamber with four germ cells (a
ells are detected at the anterior and posterior poles of the both egg
wo Fas III-positive cells are detected at the anterior and posterio
FIG. 4. Distribution of DE-cadherin. The ovaries were stained for
E-cadherin protein. (A) Wild-type ovariole. DE-cadherin is ex-
ressed in germline and follicle cells. Higher expression of DE-
adherin is detected in anterior and posterior follicle cells (arrow-
eads) and on the apical side of the follicle cells forming the stalk
n region 3 (filled arrowhead) as well as at the interface between the
ocyte and the posterior follicle cells (arrow). (B) Mutant Bic-DH
ovariole. DE-cadherin is expressed similarly to wild-type, except
the accumulation of DE-cadherin between the oocyte and the
posterior follicle cells is lower. Occasionally, holes in the epithe-
lium of follicle cells are detected (bracket).ingle follicular epithelium.
Copyright © 2001 by Academic Press. All rightarious stages of maturation, egg chambers with misposi-
ioned oocytes are observed (Fig. 5A). Of these, most strik-
ng are the bipolar egg chambers where the oocyte is
entered between varying numbers of nurse cells (Fig. 5B).
n bipolar egg chambers observed in other mutants such as
ncore (enc), vasa (vas), and spindle, oocyte and nurse cells
re clearly separated (Hawkins et al., 1996; Gonzalez-Reyes
t al., 1997; Styhler et al., 1998; Tomancak et al., 1998). The
ipolar egg chambers produced by Bic-DH frequently display
rotrusion of nurse cell nuclei into the oocyte. The oocyte
n the bipolar egg chambers is quite irregular in shape and
ize (Figs. 5C and 5D). Protrusions of nurse cell nuclei into
he cytoplasm of the oocyte is also observed in egg cham-
ers with the oocyte at the posterior end (Fig. 5E), suggest-
ng that the structural integrity of the oocyte is often
ffected.
Deletions of the heptad repeat domains in Bic-D produce
nother late phenotype. About 10% of stage 8 and older
ic-DH egg chambers are undergoing degradation. These egg
chambers maintain a quite normal overall appearance while
the nurse cell nuclei and membranes are breaking down
(Fig. 5F).
Bic-D Is Required for the Maintenance of Oocyte
Identity
In Bic-D null mutants all 16 cytocytes become highly
polyploid. In Bic-DH egg chambers a range of partial
polyploidy of the oocyte chromosomes is observed. Before
stage 3, the oocyte chromosomes are dispersed in the
nucleus and are seen in threadlike shapes (Fig. 6A; King,
1970; Spradling, 1993). Around stage 3, they condense to
form the karyosome, a spherical structure of highly packed
chromatin (Fig. 6B). This karyosome is maintained until it
starts to decondense early in stage 13.
We observed a range of partial polyploidy in Bic-DH
oocyte chromosomes. In weak instances (;15%), the oo-
cyte chromosomes are still seen in threadlike shapes after
stage 5 (Fig. 6C), indicating a delay in the formation of the
karyosome. In moderate cases (;20%), the oocyte chromo-
somes are about half as polyploid as nurse cell nuclei (Figs.
6D and 6F). However, the presence of yolk and of columnar
follicle cells surrounding the oocyte indicates that despite
the abnormality of the nucleus, other aspects of oocyte
differentiation proceed normally (Fig. 6G). In strong cases
ed for Fas III protein. (A) Wild-type ovariole. Fas III is expressed in
stage 4, Fas III expression becomes restricted to pairs of polar cells
separates the egg chambers. (B–H) Mutant Bic-DH ovariole. (B) Fas
between germ cells of single cysts (arrowheads). (D) Gaps in the
, H) The mutant ovaries were double stained for DNA (E, G) and
head) is next to one with 28 germ cells (arrow). (F) Fas III-positive
mbers. (G) A compound egg chamber containing 32 germ cells. (F)
es, suggesting that two 16 germ cell cysts are incorporated into astain
licle
that
ed in
, F, G
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98 Oh and Steward(;25%), the oocyte nucleus is highly polyploid and its
morphology has a rough appearance, but the ploidy is less
than that of a nurse cell nucleus (Fig. 6E).
The degree of polyploidy in the oocyte nucleus correlates
well with the level of localized Bic-D in the oocyte. In
oocytes that show intermediate polyploidy, the level of
localized Bic-D is decreased (Fig. 6D). Bic-D accumulation
is not observed in oocytes with highly polyploid chromo-
somes (Fig. 6E). Since in these mutants Bic-D apparently
accumulates normally in stage 1 egg chambers, the tight
correlation between protein accumulation and phenotype
suggests that Bic-D continuously functions in the transport
f factors required for the maintenance of oocyte identity,
.g., factors that suppress endoreplication. Taken together,
hese results suggest that the maintenance of meiotic status
n the oocyte is closely linked to the level of localized Bic-D
rotein.
Localization of the Mutant Proteins in Bic-DH
Ovaries
Proper localization of Bic-D protein to the pro-oocyte and
oocyte is required for its function (Suter and Steward, 1991).
FIG. 5. Misorganization of the egg chamber. (A) In situ hybridiza-
tion illustrating the distribution of Bic-D mRNA in a BicDH
ovariole. The accumulation of Bic-D mRNA indicates that the
ocyte is mislocalized to the side of the cyst (arrowhead). Note that
he accumulation of the RNA within the cell looks normal. (B–F)
varioles stained with Hoechst. (B) Bipolar BicDH egg chamber. (C)
Bipolar BicDH egg chamber showing protruding nurse cells. (D)
Bipolar BicDH egg chambers. Note that the oocyte contains several
polyploid nurse cell nuclei. (E) BicDH egg chambers in which the
urse cell nuclei protrude into the cytoplasm of the oocyte (ar-
ows). (F) BicDH egg chamber in which the nurse cell nuclei are
fragmented (arrow), reflecting their degeneration.Bic-D protein colocalizes with Egl protein (Figs. 7A and 7A9)
Copyright © 2001 by Academic Press. All rightnd this colocalization is interdependent (Mach and Leh-
ann, 1997). To understand the importance of the heptad
epeat domains to the distribution of Bic-D and Egl, we
xamined the distribution of the two proteins in the dele-
ion lines. The colocalization was maintained in all mu-
ants, even though the distribution of both proteins was
ffected in Bic-DH1 and Bic-DH2. In Bic-DH1 germaria, the
FIG. 6. Defects in nuclear morphology of the oocyte. (A–E)
Ovaries were double stained for Bic-D protein (red) and for DNA
(green). (A, B) Wild-type egg chambers. (A) Note the dispersed
chromosomes in threadlike shapes of the oocyte in a stage 2 egg
chamber (arrow). (B) Around stage 3, the oocyte chromosomes
condense to form a spherical structure of highly packed chromatin,
the karyosome, seen as a small, compact dot by DNA staining
(arrow). Highest compactness of the karyosome is achieved around
stage 6 and remains until stage 13. (C–G) BicDH egg chambers.
Note the dispersed chromosomes in threadlike shapes of the oocyte
at stage 5 in C (arrow). In this case, the level of localized Bic-D
protein to the posterior end of the oocyte is relatively normal. (D)
The oocyte displays intermediate polyploidy (arrow). Note the
decreased level of Bic-D protein in the oocyte. (E) The arrow points
to the highly polyploid oocyte nucleus. Note no accumulation of
Bic-D protein in the presumptive oocyte. (F) Stage 8–9 BicDH egg
chamber in which the oocyte displays intermediate polyploidy. (G)
Nomarski image of (F). Note the presence of yolk accumulation and
columnar follicle cells surrounding the oocyte. (A–E) Stained with
Yo-Pro. (F) Stained with Hoechst.
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mal, but the level of both proteins is increased (Figs. 7B and
7B9; compare A and B), similar to what is observed in
Bic-DR26 germaria (Wharton and Struhl, 1991). In ;20% of
ic-DH1, the pro-oocyte fails to migrate to the posterior end
of the cyst (Figs. 7B and 7B9, see arrowhead). In these cysts
the proteins still accumulate, but fail to localize to the
posterior end of the cell (Fig. 7E, see arrowhead). The strong
accumulation is maintained to about stage 3 or 4, when the
proteins become dispersed. Bic-D and Egl staining is no
longer detected in stage 6 egg chambers when most start to
degenerate. In about 10% of the cysts, Bic-DH1 accumulates
n two adjacent cells, suggesting that oocyte differentiation
s arrested at the pro-oocyte stage in these egg chambers
FIG. 7. The distribution of Bic-D and Egl coincides. (A) Distributio
roteins are tightly localized to the posterior of the oocyte during e
f BicDH1 in BicDH1 ovaries. BicDH1 localizes to the presumptive oo
arrowhead points to an egg chamber in which Bic-D accumulates in
protein within the cell is abnormal. (B9) Egl staining of the same ov
of BicDH2 in BicDH2. The localization of BicDH2 is differentially affe
accumulates in two adjacent cells in a cyst. (E) BicDH1 accumulates
oocyte is mispositioned. (F) Bic-D, and (F9) Egl are mislocalized w
BicDnull germ line clone in BicDH4 background. The germline clon
ack of accumulation of Bic-DH4 protein.Fig. 7D).
Copyright © 2001 by Academic Press. All rightIn Bic-DH2 germaria Bic-D and Egl become localized
normally. However, the localization of both proteins is
frequently not maintained, resulting in ovarioles with
egg chambers that show normal distribution of the pro-
teins as well as egg chambers with unlocalized proteins
(Figs. 7C and 7C9, arrows). Consistent with the weak
phenotype of Bic-DH3, Bic-DH3 and Egl proteins localize
normally.
To examine the localization of Bic-DH4 and Egl, homozy-
ous Bic-Dnull ovarian clones were produced in Bic-DH4
background, using the FLP/FRT technique and arm-LacZ as
a marker (Vincent et al., 1994; reviewed by Theodosiou and
Xu, 1998). The mosaic clones were identified by the absence
of LacZ staining. In such egg chambers, both Bic-D and Egl
Bic-D in wild-type. (A9) Distribution of Egl in the same ovary. Both
oogenesis and at the anterior from stage 8 onward. (B) Distribution
, but protein accumulation is much higher than in wild-type. The
cell located on the side of an egg chamber. The distribution of the
e. Note the complete overlap of the two proteins. (C) Distribution
in individual egg chambers. (C9) Egl in the same ovary. (D) BicDH1
he anterior side of an egg chamber (arrowhead), indicating that the
one germ cell in BicDH1. (G) The arrow points to a homozygous
dentified by the lack of Lac-Z staining (data not shown). Note then of
arly
cyte
one
ariol
cted
on t
ithin
e is ifailed to localize (Fig. 7G and results not shown).
s of reproduction in any form reserved.
b100 Oh and StewardFIG. 8. Bic-D is required for the maintenance of the polarized microtubule network. (A) Microtubules in a wild-type ovariole. Note the
prominent microtubule organizing center (MTOC, arrowhead) in germarial cysts and posterior accumulation of microtubules at the
posterior of the oocyte (arrows). (B) Microtubules in Bic-DH1 ovariole. The MTOC is detected in germarial cysts (arrowhead) but it starts to
reak down at subsequent stages of development. The arrow points to abnormally aggregated microtubules. (C) Microtubules in Bic-DH2
ovariole. The arrow points to an egg chamber with dispersed microtubules. Note no accumulation of microtubules at the posterior end of
the oocyte in the egg chamber. The arrowhead points to a MTOC in germarial cysts. (D, E, F) The ovaries were double stained for
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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Polarized Microtubule Network
In wild-type germaria, a prominent MTOC forms in one
of the pro-oocytes. Subsequently, strong accumulation of
microtubules representing a MTOC is detected at the
posterior end of the oocyte before it undergoes reorganiza-
tion to the anterior ring at stage 7–8 (Fig. 8A; Theurkauf et
al., 1992, 1993). In Bic-DPA66 and Bic-DR26 mutants, the
prominent MTOC fails to form in germarial region 2a cysts
(Theurkauf et al., 1993). In Bic-DH1, Bic-DH2, and Bic-DH3
ovaries the formation of the MTOC in germarial region 2a
cysts appears normal. However, the polarized microtubule
network starts to break down at subsequent stages in most
Bic-DH1, and some of Bic-DH2 egg chambers, indicating that
the microtubule network is not properly maintained (Figs.
8B and 8C). In Bic-DH1, we found abnormally aggregated
icrotubules, probably break-down products of the micro-
ubule network (Fig. 8B, see arrows). These abnormally
ggregated microtubules are completely dispersed after
tage 5.
Since the distribution of Bic-D protein strongly resembles
he location of the minus ends of the microtubules in
ild-type (Fig. 8D), we examined whether mutant Bic-D
till colocalized with the minus ends of the microtubules in
ic-DH1 and Bic-DH2 ovaries. In Bic-DH1, double staining of
ic-D and a-tubulin showed that Bic-D protein always has
broader distribution than microtubules. The nonoverlap-
ping foci become more obvious at later stages (Fig. 8E),
suggesting that the two proteins do not directly associate.
The separation between Bic-D and microtubule foci also
suggests that the colocalization of Bic-D and Egl is not
mediated through the microtubule network.
In Bic-DH2 ovaries, the double staining of Bic-D and
a-tubulin shows that the accumulation of microtubules
depends on Bic-D; whenever Bic-D fails to accumulate, the
organization of microtubules falls apart (Fig. 8F, see arrows).
These observations suggest that, in addition to its initial
requirement for the formation of the MTOC in germarial
cysts, Bic-D is also required for the maintenance of the
polarized microtubule network in developing egg chambers.
DISCUSSION
Bic-D Is Required for the Formation and the
Organization of the Egg Chamber
Our experiments indicate that Bic-D function in the
germline is required for follicle cell migration around the
microtubules (green) and Bic-D (red). (D) Wild-type ovariole. Note t
chambers (arrowheads). (E) Bic-DH1 ovariole. Note that Bic-D prote
oci of Bic-D and microtubules do not overlap completely (arrowheis absent whenever Bic-D fails to localize to the posterior end of the oo
Copyright © 2001 by Academic Press. All rightermline cyst. Follicle cell migration begins in germarial
tage 2a–2b and happens about the same time the oocyte
ifferentiates from the other cystocytes. So it appears that
ic-D may be essential in region 2a–2b in all cystocytes.
lternatively, the differentiation of the oocyte and possibly
ts migration to the posterior end of the cyst indirectly
ontrol the packaging of the germline cyst by the follicle
ells. Even though the abnormal packaging of cysts is
bserved in only 20% of egg chambers, our observation
uggests that signaling between the germline and soma
ccurs as soon as the 16-cell cyst is formed.
A number of genes, Notch (N), Delta (Dl), daughterless
(da), hedgehog (hh), brainiac (brn), egghead (egh), and tou-
can, control the migration of follicle cells around the
16-cell germline cyst (Ruohola et al., 1991; Goode et al.,
1992, 1996a,b; Xu et al., 1992; Bender et al., 1993; Cum-
mings and Cronmiller, 1994; Forbes et al., 1996; Grammont
et al., 1997). This process requires cell–cell interactions and
signaling between the germline cysts and the somatic
follicle cells and results in the differentiation of the follicle
cells into two specialized cell types, polar and stalk. Muta-
tions in the genes above show defects in follicle cell
intercalation between the cysts in the germarium, resulting
in compound egg chambers where multiple cysts are pack-
aged into a single follicle. This mispackaging is possibly a
result of the failure to differentiate polar and stalk cells.
Bic-D function is not required for Notch signaling, since
in Bic-DH the stalk and polar cells develop normally. Our
results also indicate that the abnormal migration of follicle
cells around Bic-D mutant germline cysts is unlikely to be
a result of a defect in DE-cadherin. A possible explanation
for the abnormal migration of the follicle cells in Bic-DH is
that the cytoskeletal organization is disturbed, causing
mislocalization of a germline to soma signal that regulates
the migration of the follicle cells around the cyst. The
theory that in Bic-DH mutants the cytoskeleton is misorga-
nized is also consistent with the frequently observed mis-
positioned oocyte and with the protrusion of nurse cell
nuclei into the cytoplasm of the oocyte.
The follicle cell migration phenotype is due to loss of
function of Bic-D and not to an antimorphic effect of the
deleted proteins because the abnormal migration of follicle
cells is also observed in Bic-D null germline clones (Fig. 2),
nd abnormal numbers of germ cells are also observed in
ic-DPA66 and Bic-DR26 mutants although at very low fre-
uency (data not shown). Most importantly, increased dos-
ge of the transgenes does not enhance the phenotype; in
act, it relieves the severity of the phenotypes (data not
hown).
localization of microtubules and Bic-D proteins in early stage egg
ows much broader distribution than microtubules (arrow) and the
(D) Bic-DH2 ovariole. Note that the accumulation of microtubuleshe co
in sh
ad).cyte (arrow).
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Differentiation
We have observed a range of polyploidy in oocyte chro-
mosomes in Bic-DH mutants. The partial polyploidy of the
ocyte nucleus is first seen in egg chambers older than stage
and often is the only apparent defect; the accumulation of
olk proteins and the morphology of these egg chambers
eem normal. Antibody staining shows that the degree of
olyploidy of the oocyte correlates with the level of local-
zed Bic-D in the oocyte. The polyploidy phenotype is
robably due to a defect in the localization of factors
equired for the maintenance of the meiotic status of the
ocyte during germarial or vitellarial stages, reflecting the
ontinuous requirement of Bic-D function. A similar phe-
otype is observed in encore (enc) and some alleles of
varian tumor (otu) (Storto and King, 1988; Hawkins et al.,
996; Rodesch et al., 1997). Since otu is required for the
rganization of the actin cytoskeleton in both early and late
tages of oogenesis, the partial polyploidy phenotype in otu
utants may also be derived from defects in the transport
f factors (Rodesch et al., 1997).
Bic-D and Egl Protein Localization and the Bic-D/
Egl Complex
Bic-D and Egl protein colocalize at all stages of oogenesis.
Co-immunoprecipitation experiments show that Bic-D and
Egl protein form a protein complex (Mach and Lehmann,
1997). The colocalization of Bic-D protein with Egl is
maintained in Bic-DH1, Bic-DH2, and Bic-DH3, suggesting
hat deletion of these domains do not affect the formation
f Bic-D/Egl complex. In Bic-DH4 germline clones, Bic-D
nd Egl fail to localize. The last heptad domain could
herefore mediate both the formation of the Bic-D/Egl
omplex and the regulation of the localization of Bic-D to
he oocyte.
Mechanisms of Bic-D Function
All the phenotypes observed in Bic-DH ovaries, the abnor-
mal migration of follicle cells, the different levels of ploidy
of the oocyte, mislocalization of gurken RNA and protein
(results not shown), the mislocalization of Bic-D and Egl
proteins, and the failure in maintenance of the microtubule
network, indicate that Bic-D is required for the organiza-
tion of the egg chamber and maintenance of the structural
integrity of the oocyte-nurse cell complex. We propose that
Bic-D function may be required for cytoskeletal polarity in
the cysts and egg chambers.
Studies of the function of the Lis-1 gene support our
hypothesis that Bic-D regulates the cytoskeletal organiza-
tion of germline cells. Lis-1 germline and CNS clones show
almost identical phenotypes to clones lacking dynein
heavy-chain function (Liu et al., 1999, 2000), and Lis-1 and
dynein heavy chain appear to interact (Faulkner et al., 2000;
Liu et al., 1999, 2000; Smith et al., 2000). Some of the
ovarian Lis-1 phenotypes are similar to Bic-D ovarian and r
Copyright © 2001 by Academic Press. All righteye phenotypes (Swan et al., 1999), suggesting that dynein,
Lis-1, and Bic-D are essential for the formation and function
of the microtubule network.
However, it is not clear how Bic-D functions in the
formation and maintenance of the microtubule network.
Bic-D may be a microtubule-associated protein that ini-
tiates microtubule reorganization in germarial cysts (Theur-
kauf et al., 1993) and maintains the microtubule network.
However, the following observations do not support this
theory. First, in our co-immunoprecipitation experiments,
the association of Bic-D with tubulin was not observed, and
Bic-D protein did not cosediment with tubulin on sucrose
density gradients (data not shown). Neither was Bic-D
identified as a microtubule associated protein in microtu-
bule preparations from embryonic extracts (T. Hays, per-
sonal communication). Finally, mutations in Bic-D cause
more pleiotropic phenotypes than does the disruption of the
microtubule network by colchicine treatment (Theurkauf
et al., 1993).
We propose that Bic-D protein may be an integral and
essential part of the cytoskeleton, rather than having a
specific function in RNA transport: (1) Bic-D protein is
similar in sequence to various intermediate filament pro-
teins that form cytoskeletal structures. (2) The selective
accumulation of Bic-D and Egl protein in the presumptive
oocyte in region 2a and 2b is the first sign of cyst polarity,
following the break down of the fusome. This accumulation
precedes and is essential for the formation of the MTOC in
the pro-coocyte, suggesting that the polarity of the cyst,
reflected by the selective accumulation of Bic-D and Egl, is
somehow translated into the cytoskeletal polarity reflected
in the polarized microtubule network. (3) The distribution
of Bic-D protein is similar to that of the actin and microtu-
bule networks in the oocyte (Mach and Lehmann, 1997;
Robinson and Cooley, 1997), suggesting that it could be part
of a cytoskeleton. (4) Several phenotypes observed in Bic-DH
ovaries, such as the abnormal migration of the follicle cells
and the protrusion of nurse cell nuclei into the oocyte, are
consistent with Bic-D having a structural role in the cy-
toskeletal organization of the oocyte and egg chamber. (5)
The abnormal localization patterns of Bic-DH1 and Bic-DR26
proteins suggest that Bic-D may form a filament-like struc-
ture. Both mutant Bic-D proteins retain the ability to
localize to the presumptive oocyte, but the level of local-
ized proteins is significantly higher than that of wild-type
protein. This higher accumulation of the proteins could
represent hyperaggregated forms of the filament, in turn
possibly resulting in an abnormal cytoskeleton. (6) The
phenotype of Bic-DH2, ranging from egg chambers that are
similar to those produced by Bic-D null mutants to normal
eggs, suggests that Bic-D protein may aggregate to form a
higher order cytoskeletal structure. Two molecules of Bic-D
protein bind colinearly to form a rod-shaped dimer in vitro
(Stuurman et al., 1999; Oh et al., 2000). The pleiotropy of
phenotypes detected in Bic-DH2 may arise from mutant
ic-D monomers sometimes associating out of register
elative to their heptad repeats, leaving ends available for
s of reproduction in any form reserved.
103Bicaudal-D and Egg Chamber Formationfurther interaction. Interaction between such molecules
could lead to polymerized filaments with null or only
partial function. In other cases the mutant protein could
form colinear dimers that may have full function. (7) The
putative structural organization of Bic-D protein, two effec-
tor domains separated by a linker (Oh et al., 2000), is
consistent with the theory that Bic-D could form filamen-
tous structures serving as a scaffold for generating the
asymmetric distribution of the factor(s) that establish and
maintain the polarized microtubule network.
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